A mild, specific one-step dealumination of ZSM-5 is reported for the first time that significantly increases para xylene selectivity and ethyl benzene conversion by disproportionation in the xylene isomerization reaction of xylene mixtures/ethyl benzene feeds under industrial conditions, i.e., 380 C, 390 C and 400 C, at a pressure of 8 bar, weight hourly space velocity (WHSV) values of 2 to 8 h
Introduction
Despite the large number of investigations that have emerged in recent decades, there are few reports on the effects of ZSM-5 dealumination on the catalytic behavior of xylene isomerization reactions. Kumar et al. studied the inuence of mild dealumination of H-ZSM-5 using HCl, acetylene and ammonium hexauorosilicate (AHFS) on the para xylene selectivity of meta xylene isomerization.
1 They observed an increase in meta xylene conversion; however, all their dealuminated samples showed decreases in para xylene selectivity compared to the parent zeolite. A detailed study by Fernandez et al. reported the shape selectivity of hierarchical ZSM-5 zeolites for ortho xylene isomerization. 2 In their work, ZSM-5 was rst desilicated and consequently treated with HCl. The resulting zeolite had lower selectivity versus para xylene with respect to the parent zeolite. Ding et al. reported increased para-selectivity for hydrothermally dealuminated ZSM-5 zeolite for the toluene alkylation reaction; however, they did not study xylene isomerization. 3 Rachwalik et al. reported signicant enhancement in the paraselectivity of the meta xylene isomerization reaction through a single-step dealumination treatment of a ferrierite-type zeolite (not ZSM-5). 4 Detailed studies by Mueller et al. investigated the effects of ZSM-5 dealumination using different concentrations of oxalic acid and zeolites with different initial Si/Al molar ratios from 9 to 46. 5 They monitored the dealumination process by 27 Al, 29 Si and 1 H MAS NMR together with nitrogen adsorption/ desorption analysis. While they succeeded in dealuminating the different parent zeolites by this method, the catalytic behavior of the product samples was not studied.
One of the aims of the present work is to investigate the possibility of enhancing para xylene selectivity in xylene isomerization reactions through controlled dealumination treatment of ZSM-5 zeolite by simple contact with oxalic acid or ammonium hexauorosilicate in the liquid phase.
To our knowledge, no investigation has been reported of the effects of ZSM-5 dealumination on the isomerization reaction of xylene mixture/ethylbenzene feeds. Our attention is focused on lean para xylene mixtures. In the petrochemical industry, ethylbenzene poses a true engineering challenge in xylene isomerization plants. An economic trade-off exists between ethylbenzene minimization (complete conversion desired) through dealkylation reactions and ethylbenzene isomerization towards high para xylene selectivity. 6 The former goal may be achieved using zeolites that promote ethylbenzene disproportionation reactions, and the latter may be achieved using bifunctional catalysts (e.g. Pt/H-ZSM-5). It is well known that ZSM-5 zeolite itself is effective in the transformation of ethylbenzene into ortho, meta and para xylenes; it was patented 43 years ago by the Mobil Oil company. 7 However, recent industrial improvements in xylene isomerization have mostly focused on reducing the zeolite crystallite size, as disclosed in a patent by Sud-Chemie Ag. 8 The same methodology, coupled with the addition of metals such as Pt, has been adopted by Mobil Oil in order to enhance ethylbenzene isomerization. 9 A survey of relevant patents shows that specially dealuminated ZSM-5 zeolite has not been used in the xylene isomerization process.
Defect-free H-ZSM-5 is a medium pore zeolite that can enable ethylbenzene disproportionation to some extent due to the existence of inherent large cavities at the intersection of its channels. Altering the micropore architecture of ZSM-5 zeolite may inuence ethylbenzene disproportionation and even change the relevant reaction mechanism.
10 At the same time, dealumination usually modies the strength distribution and total number of acid sites, eventually altering the pore microstructure.
The present work investigates the effects of dealumination of H-ZSM-5 zeolite with oxalic acid (mild dealumination) and AHFS (mild to intense dealumination) on its physical characteristics and the performance of the dealuminated samples as catalysts in the isomerization reaction of xylene mixture/ ethylbenzene under industrial operational conditions.
Experimental

Catalyst preparation
An Iranian high alumina H-ZSM-5 zeolite (Si/Al ¼ 18) with low Na 2 O content (<0.08 wt%) from the Pars Pigment and Catalyst Co., Iran, was used. It is polycrystalline, with an average size of ca. 0.5 mm.
Two dealumination reagents were used, i.e. oxalic acid and ammonium hexauorosilicate ((NH 4 ) 2 SiF 6 , abbreviated as AHFS), both from Sigma-Aldrich.
The initial zeolite was dealuminated by the following procedure: (a) a proper amount of zeolite was chosen and placed in contact with an oxalic acid or ammonium uo-rosilicate solution of predetermined molarity with a solid to liquid mass ratio of 1 to 10. (b) Dealumination was performed under gentle agitation at 70 C for a predetermined time. (c) The nal product was isolated and washed with large amounts of deionized warm water to achieve a nal pH close to 7. (d) The nal zeolite was dried at 90 C overnight. All zeolite samples were calcined at ca. 400 C prior to catalytic tests.
Characterization
X-ray diffraction spectra of the parent and dealuminated samples were acquired using a PW1800 (Philips) instrument. The chemical compositions of the samples were determined by X-ray diffraction analysis using a PW1480 (Philips) apparatus. High-resolution transmission electron microscopy (HRTEM) was performed using a FEI Tecnai F20 instrument. Fourier transform infrared analysis (FTIR) was performed using a Spectrum GX apparatus. Adsorption/desorption isotherms for nitrogen were obtained using a 3Flex (Micromeritics) instrument. Ammonia temperature programmed desorption (NH 3 -TPD) experiments were performed using a Chemisorb 2750 (Micromeritics) instrument. For these tests, each sample was initially de-gassed by purging with helium gas at 150 C for 2 h with a ow rate of 20 cm 3 min À1 . Aerwards, the sample was cooled to 100 C (still under helium purge). Then, a gas consisting of a mixture of 5 mol% ammonia and 95 mol% helium gas was purged over the sample for 40 min at the same temperature with a ow rate of 40 cm 3 min À1 . Physisorbed ammonia was egressed by consequent ow of a helium stream over the sample at 100 C. As a nal step, the sample was placed under a heating ramp of 10 C min À1 up to a temperature of 1000 C under a helium stream purge with a ow rate of 40 cm 3 min
À1
. 27 Al isotope mass nuclear magnetic resonance ( 27 Al MAS NMR) spectra were obtained using a Bruker Avance III 400 WB instrument. Thermogravimetric analysis (TGA) was performed using a Diamond TG/DTG apparatus.
Isomerization tests
The xylene mixture was provided by Bouali Petrochemical Co., Mahshahr, Iran. It consisted of 14.1 wt% ethylbenzene, 3.7 wt% para xylene, 54.3 wt% meta xylene, 24.7 wt% ortho xylene, 0.1 wt% toluene, and 3.1 wt% C 9 + . Fig. 1 illustrates the ow diagram of the reaction setup used for the isomerization studies. A high pressure liquid pump transfers the liquid feed from the xylene mixture vessel to the T-junction, where it encounters the pressurized hydrogen gas. The ratio of hydrogen to hydrocarbon (H 2 /HC) is adjusted by changing the hydrogen gas ow rate with a mass ow controller (H 2 /HC ¼ 4). The twophase stream passes through an evaporator, where the liquid phase completely vaporizes and the desired inlet reaction temperature to the reactor is achieved. The xed bed reactor is charged with 2 g of the catalyst; the temperature through its longitudinal axis can be monitored and controlled. The height to diameter ratio of the xed bed is ca. 2 : 1. The average pressure within the reactor is set to 8 bar. The pressurized stream is rst cooled in an air condenser and then further cooled in a water cooled-separator. The liquid is separated and may be discharged (e.g. for sampling purposes), and the gas stream returns to the back pressure regulator valve. From there, the gas stream is sent to a vent or sampled for analysis. Analysis of the liquid or gas samples was performed by gas chromatography (CP-3800 GC Agilent) using a CP-Wax 52 CB column.
Results and discussion
Catalyst characterization
The designation of the samples is presented in Table 1 . It should be noted that when using oxalic acid concentrations greater than 1 M, the extent of dealumination remained constant (Si/Al < 20), while the crystallinity was detrimentally affected. Accordingly, only sample DA1 (representative of the oxalic acid-treated samples) is listed in Table 1 . It is observed that AHFS enabled dealumination of the parent ZSM-5 zeolite in a large span of Si/Al molar ratios from 17.9 to 43.1. Fig. 2 shows the XRD analysis of samples DA0 to DA4. It is observed that all the samples possess high crystallinity. Using an AHFS solution with a molarity of 0.1 M, it was possible to dealuminate the samples to higher Si/Al ratios by simply increasing the time to more than 160 min. However, X-ray diffraction (XRD) analysis revealed that the crystallinity of the samples was severely damaged. Samples DA0 to DA4 are all protonated zeolite samples with very low contents of alkali or alkaline earth metals (Table 1 ). Fig. 3 shows the FTIR spectra of the parent and dealuminated samples. The wave numbers belonging to the main framework T-O asymmetric stretch vibrations (1098.0 to 1100.5 cm À1 ) show a small but orderly shi towards larger numbers.
This is in accordance with a report by Triantallidis et al. 11 This phenomenon has been theoretically explained to be a consequence of the increase of the number of Si-O bonds with respect to Al-O bonds. Si-O bonds require higher energy (wave number) for vibration due to the larger atomic mass of Si with respect to Al.
12 As far as the peak position is concerned, symmetric stretch vibrations of tetrahedral T atoms are not affected by dealumination treatment (789.0 to 798.5 cm À1 ).
However, the samples dealuminated with AHFS (DA2 and DA3) show clear increases in the relative integrated intensities of the corresponding peak. A peculiarity arises in the FTIR spectra of the DA2 and DA3 samples. The same peak is present in the spectrum of the sample dealuminated with oxalic acid (DA1), although it is less pronounced. This attribution requires a complementary conrming analysis, such as 27 Al NMR analysis, and will be discussed later in the text. A peak centered at about 3746.0 cm À1 is observed for the DA1 sample. The same peak also exists in the spectra of the DA2 and DA3 samples, although it is less intense and appears as a shoulder. This peak may be attributed to isolated terminal silanol groups residing on the external surface of the zeolite crystals.
2,17
Fig. 4a-c show the nitrogen adsorption/desorption isotherms for the parent, DA1 and DA3 samples. It may be observed that dealumination does not impart any signicant Table 2 . Changes in specic surface area, micropore volume and external area are minimal. However, gradual increasing trends are observed for the micro and mesoporosity, accompanied by a continuous but slight increase in the total specic surface area. Accordingly, this treatment does not result in any signicant change in the pore microstructure. This may be conrmed by referring to the HRTEM pictures of the DA1 and DA3 samples. Fig. 5a illustrates the TEM picture of the parent zeolite, showing its polycrystalline nature. Fig. 5b and c show the HRTEM pictures of the DA1 and DA3 samples, respectively. It can be clearly observed that the atomic rows of the DA1 sample have a high spatial order; any induced micro or mesoporosity due to aluminum leaching is difficult to detect. Sample DA3 exhibits a slightly less homogenous microporosity. These effects are in accordance with the nitrogen adsorption/ desorption analysis results. Fig. 6 shows the NH 3 -TPD analysis results in terms of total and deconvoluted spectra. The DA0, DA1 and DA3 samples show 3, 4 and 5 distinct peaks, respectively. The relative integrated intensities of each peak are quantied in Table 3 . ) and III (9.0%). In addition, referring to Fig. 6 , it may be observed that the total absolute integrated intensity increases slightly from the parent to the oxalic acid dealuminated sample. This increase has been reported by Brunner et al. in the case of mild dealumination of ZSM-5 through steaming. 18 Meanwhile, dealumination using AHSF (sample DA3) results in a reduction of the total acidity. This last nding is rational when we consider the much lower aluminum content of this zeolite sample.
Published studies on the NH 3 -TPD analysis of hierarchical dealuminated H-ZSM-5 zeolites and H-ZSM-5 zeolites originally synthesized with different Si/Al molar ratios in a span of 27 to 280 report the existence of type II acid sites with peaks centered at temperatures near or less than 450 C. 17, [19] [20] [21] [22] [23] [24] The prole containing three types of strong acid sites observed for the oxalic acid-treated sample is novel for protonated ZSM-5 zeolites containing almost no ion-exchanged or extraframework metals. It should be recalled that the presence of metals (such as Cr and V) may create strong acid sites exhibiting peaks centered at about 600 C.
25,26
The AHFS-treated sample (DA3) shows an appreciable content of the strongest acid sites of type III (8.9%). Referring to the FTIR results, it was mentioned that the peak observed at 3675 cm À1 may belong to extraframework aluminum. Ghasemian et al. traced super acids due to oxo-aluminum species (due to extraframework aluminum) in dealuminated clinoptilolite zeolite from the high temperature NH 3 -TPD peaks observed at 700 C to 750 C. 27 However, the detailed work by Triantallidis et al. on the dealumination of ZSM-5 zeolites with AHFS shows that this reagent produces samples free of extraframework aluminum.
11 Our 27 Al MAS NMR analysis also conrms this fact and will be discussed later. Accordingly, it may be stated that the 3657 cm À1 FTIR peak is related to strong bridging hydroxyls at Bronsted sites within the framework. Fig. 7a these aqueous complexes during the isolation/washing steps might be the cause of the residual extraframework aluminum observed. A more attentive analysis reveals the slight growth of a peak around 70 ppm upon dealumination with oxalic acid. This is indicated by an arrow in Fig. 7a and is attributed to tetrahedral aluminum atoms with a different coordination (with respect to the majority of tetrahedral aluminum atoms with a resonance appearing at ca. 50 ppm). It may be argued that this is a noise peak. However, evidence presented by other researchers places this suggestion under question. Sklenak et al. discuss these different sites of aluminum atoms in ZSM-5 pentasile zeolites.
29 Hierarchical ZSM-5 zeolites produced by rectorite (a natural layered aluminosilicate) in the absence of secondary mesoscale templates also show this peculiarity in the corresponding 27 Al MAS NMR spectra. 20 Therefore, it may be stated that treatment with oxalic acid creates a small minority of differently coordinated tetrahedral aluminum atoms. Based on Fig. 7b , it can be clearly observed that AHFS has almost completely eliminated any extraframework aluminum, as expected according to the literature. 
Catalytic study of the ethylbenzene/xylene mixture isomerization reaction
Before considering the pertinent experimental results, some terms should be dened:
p-Xylene a:t:e: ð%Þh C para xylene;product À C para xylene;feed C para xylene;equilibrium ðTÞ À C para xylene;feed
Â100
(2)
where C i is the concentration (wt%) of component i in the feed or product and T is the reaction temperature. Fig. 8 shows the p-xylene a.t.e. as a function of weight hourly space velocity (WHSV) and the reaction temperatures for samples DA0, DA1, DA2, DA3 and DA4. Generally, it is observed that dealumination has a pronounced and positive effect on the value of p-xylene a.t.e. at 390 C and 400 C. At 380 C, the highly dealuminated samples DA3 and DA4 show poorer performance with respect to the parent zeolite sample. Interestingly, the catalytic behavior is quite similar for the DA1 (oxalic acidtreated) and DA2 (mildly AHFS-treated) zeolite samples. Both of these can increase p-xylene a.t.e. by more than 10% at a reaction temperature of 400 C and a WHSV equal to 2 h À1 compared to the parent zeolite under the same operating conditions. It should be recalled that, regarding the thermodynamics of the reaction system, a temperature increase should result in a decrease in p-xylene a.t.e. 30 The trend of p-xylene a.t.e. change versus temperature increase at constant WHSV generally increases. Accordingly, it may be stated that the overall reaction kinetics is controlled by diffusional mass transfer of the reacting components within the zeolite micropores. Fig. 9 shows the EB C of the different samples as a function of WHSV and reaction temperature. An interesting result is clearly observed. The DA1 sample (oxalic acid-treated) shows distinct behavior; EB C increases by more than 30% with respect to the parent zeolite at all the reaction temperatures and WHSVs under consideration. Meanwhile, the other dealuminated samples exhibit reduced EB C values compared to the parent sample. In the case of AHFS-treated samples, the more the zeolite is dealuminated, the lower the resulting EB C . Increase of temperature is accompanied with an increase of EB C for all the samples (at constant WHSV).
Finally, the C 8 -aromatics loss is considered (Fig. 10) . The sample treated with oxalic acid (DA0) shows distinct behavior at Table 3 Quantitative assessment of the NH 3 -TPD spectra pertaining to the parent and dealuminated samples with oxalic acid and AHFS all the reaction temperatures under investigation. Its C 8 -aromatics loss is more than double that of the other samples (at constant T and WHSV) and is not signicantly temperature dependent. It changes between 10.0 and 11.5 wt% over the whole temperature range of 380 C to 400 C. Sample DA2 results in a C 8 -aromatics loss between 3.6% and 4.0% at 380 C, which increases to a range of 4.3% to 4.8% at 390 C and further increases to 5.3% to 6.2% at 400 C. The C 8 -aromatics loss of the parent zeolite sample lies between 4.4% and 5.6% throughout the whole temperature range. Sample DA3 shows the lowest C 8 -aromatics loss (1.9% to 3.4%).
Sample
In order to present a theoretical explanation of the catalytic behavior of the different samples, the ethylbenzene reactions are considered rst. Ethylbenzene may undergo isomerization, disproportionation and dealkylation reactions. Disproportionation of ethylbenzene results in the formation of diethylbenzene isomers and benzene. Accordingly, it is informative to monitor the trend of benzene formation throughout the experiments (Fig. 11) . It was observed that the concentration of benzene in the product is nearly nil for the parent zeolite at all the reaction temperatures under consideration. Instead, the samples DA1 and DA2 result in substantial production of benzene. For the latter samples, benzene concentration increases with increasing temperature. Based on the previously described experimental results, it may be stated that samples DA1 and DA2 promote ethylbenzene disproportionation. The sample treated with oxalic acid (DA1) exhibits the largest tendency for the latter reaction. As discussed in the previous section, dealumination with oxalic acid did result in slight increases in the microporosity and specic surface area. Based on the NH 3 -TPD results, this was accompanied by a substantial increase of total acidity and the creation of stronger acid sites compared to the parent zeolite. Both of these effects may enhance the ethyl benzene disproportionation reaction. The effect is less pronounced for the samples dealuminated with AHFS, as their total acidity is signicantly less than that of sample DA1 due to their higher Si/Al ratios. A trade-off appears to exist between increased microporosity and reduced total acidity in the case of the samples treated with AHFS. Added microporosity through dealumination presumably allows ethylbenzene to disproportionate through a variety of reaction mechanisms involving bulky intermediates that are primarily prohibited by the parent H-ZSM-5 zeolite.
10 Elucidation of the reaction mechanism in terms of the new micropore architectures and acid site strength distributions is a subject of debate and requires a separate study.
The substantial enhancement of para xylene selectivity observed for the DA1 and DA2 samples is worthy of consideration. As discussed in the previous paragraph, the micropore structure and channel interactions of the parent zeolite as a function of dealumination were only moderately altered. However, this modication was very effective. The kinetic diameters of ortho, meta and para xylenes have been reported as 6.8, 6.8 and 5.8Å, respectively. 31 These are close to the sinusoidal (5.1 Â 5.5Å
2 ) and straight (5.4 Â 5.6Å 2 ) channel pore diameters of the parent H-ZSM-5 zeolite. Although the intersections of the perpendicular channels form cavities with diameters as large as 8.6Å, a general consensus exists that xylene isomerization reactions proceed by a unimolecular pathway mechanism where bulky intermediates such as trimethylbenzene molecules are not involved. 31 Accordingly, the authors of the present work presume that the dealuminated samples DA1 and DA2 undergo a slight increase in average pore diameter, facilitating the entry of ortho and meta isomers into the pore labyrinth and augmenting the velocity of egress of the para isomer from the pores. However, excess enlargement of the average pore diameter is detrimental and may have the opposite effect (samples DA3 and DA4 at 380 C). To our knowledge, this improvement in para xylene selectivity by simple dealumination has not been reported previously. The more remarkable point is that this enhancement may be tailored to be accompanied with high ethylbenzene conversion through disproportionation (oxalic acid treatment) or not (AHFS treatment). One nal point is remarkable. The zeolites that are the subject of this study showed very low deactivation rates. To be more precise, our experiments showed that all the zeolite samples retained their catalytic characteristics within 1% error up to 12 h (the maximum time on stream applied). However, this does not mean that they do not undergo deactivation. In fact, they are deactivated at early stages in less than 2 h and reach a quasi-equilibrium coke content. Product analysis was performed aer this preliminary period. Aerwards, no detectable deactivation occurred up to 12 h on stream. Fig. 12 shows the TGA results for the spent parent, DA1 and DA3 zeolite samples aer ca. 12 h on stream. The thermograms are very similar. If we attribute the weight loss aer 400 C to coke burning, the amount of deposited coke is less than 1.5 wt%. It should be mentioned that the slow deactivation kinetics is mainly due to the high hydrogen partial pressure used in this series of experiments to mimic the industrial process.
Conclusions
The inuence of ZSM-5 zeolite dealumination on simultaneous catalytic xylene isomerization and ethylbenzene disproportionation reactions has been studied for the rst time. Mild increases of the Si/Al molar ratio by one unit using oxalic acid or by 10 units by AHFS results in a more than 10% increase in para xylene approaching equilibrium at 400 C and WHSV ¼ 2 h À1 .
However, the oxalic acid-treated sample increases ethylbenzene conversion by more than 30% with respect to the parent zeolite under the applied operating conditions. The AHFS-treated samples, irrespective of the extent of dealumination imparted (Si/Al ratio between 28 and 43), exhibit decreased ethylbenzene conversion compared to the parent zeolite. The results can be explained based on the various characterization techniques applied. In summary, it may be stated that dealumination of ZSM-5 zeolite with oxalic acid results in an attractive catalyst for petrochemical plants, where high para xylene selectivity and near-complete ethylbenzene dealkylation are desirable.
